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The Clock Signal
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v(t) = Vo [1 4+ a(t)] cos |wot + ()]

Cartesian coordinates v(t) = Vp coswot + n.(t) coswot — ng(t) sin wot
under low noise approximation

ne(t)] < Vo

and

ng(t)] < Vo
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Definition of Sy(f) Definition of &

, The IEEE Std 1139-2009
Autocovariance

Sg@(f) ZQF{C¢¢(T)}7 ;>0

WK theorem
Se(f) =2E{2(f)2"(f}, f >0

[ measured h 10 Log10(&) — [dBc/HZz]
X Unit of angle v2 rad = 80°
So(f) = 2 (@())O*(f),,, >0 :
< 7 Unwrapping the phase —> valid measures
So —> [rad?/Hz] even for large anges (multiple cycles)

10 Log1o(S¢) —> [dBad2/Hz] dBc no longer means (SSB noise / carrier)



Polynomial Law

two-port devices
and oscillators

oscillators onl
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The integrated 1/f noise is amazingly small In(Ay/7p) =~ 140 (21.5dB)



The Leeson Effect in a Nutshell

David B. Leeson, Proc. IEEE 54(2) p.329, Feb 1966
E. Rubiola, Phase Noise and Frequency Stability in Oscillators, Cambridge 2008, 2012
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Figure from U. L. Rohde, E. Rubiola, J. C. Whithaker, Microwave and

Wireless Synthesizers, ISBN 978-1-119-66600-4, ©J.Wiley 2020



Additive vs Parametric Noise

4 ) 4 )
additive noise parametric noise

RF noise,
close to v,

--------

stopband passbana stopban stopband passband stopban
V V
0 0
the noise sidebands are the noise sidebands are
iIndependent of the carrier proportional to the carrier
\_ Y, \_ Y,

R. Boudot, E. Rubiola, Phase noise in RF and microwave amplifiers IEEER T UFFC 59(12) p.2613-2624, December 2012.



Example — Microwave Amplifier

L(f), dBc/Hz

100

Ciao Wireless amplifier 10 GHz
~120 ‘mm additive
120 | Y .y scales as 1/P
140 " " input power

~30 dBm
~160 “'3!_ ,
'V

-170 W 19

_1 80 V. Giordano, June 2018

10 102 109

Parametric noise in amplifiers tends to be independent of ¢,



Function of time (time series)

Physical Quantities
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boldface notation

total = nominal + fluctuation

p(t) = 2wt + ©(t) phase

v(t) =v9+ (Av)(t) frequency

) =1+ x(?) time

) =1+ y(t) fractional frequency



Two Types of Noise Mechanism

Phase-type noise

Phase noise Sy(f) is independent of 1y S.(f) =

 Time fluctuation Sx(f) scales as 1/ 1/3

Time-type noise
* Time fluctuation Sx(f) is independent

of I/O

e Phase noise Sy(f) scales as I/g

10



y(t) = fractional frequency fluctuation

-

O
-

g 1 [tot7
average y — — / y(t) dt
if

" definition (AVAR)
1 - -

oy(T) =Eq5|¥2— Vi

g

same as the experimental variance with 2 samples

-

m—1
1 1
2 _ _
Uy(T) — ) ];) 5 _Yk—|—1 — Yk

\_

Expectation —> average on m samples

2

E. Rubiola, RSI 76(5) 054703, May 2005

E. Rubiola & al, IEEE T UFFC 63(7) p.961, Jul 2016

F. Vernotte & al, [IEEE T UFFC 63(4) p.611, Apr 2016

Allan-(Like) Variance(s)

11

03 (7_) Allan Variance (AVAR)
<
A MVAR, PVAR
________ white phase

@ @ ERubiola, 2019 l —P
Use the weighted %ITI AVAR
average ; - Ping

= MVAR

y = J y(t) w(t) dr 51//\\7;
R 7I' 2T

PVAR




phase noise

time fluctuation

frequency
fluctuat

You may like the
Enrico’s Noise Chart

on http://rubiola.org
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From S,

to the Variances

MVAR mod o7 (7)

white b h £2 h bo 3/ h2 3 hy 3 hy
PM ’ . 2T 2 472 72 82 73 272 73
0.0760 frrho /T2 0.0380 ho /73 0.1520 hy /73
flicker b, ! h, f ] b_y | 3y—In2+3mn(27fg7) h1 | (24In2—-9In3) h 3[In(16) — 1] hy
PM - ' ' VE 4772 T2 872 T2 272 T2
[3y —In2 + 31In27] /472 = 0.166 0.0855 hy /7 0.2694 hy /72
white _ -2 1 h() 1 h() 3 ho
b_of 2 h h — — — - — - —
FM 2/ 0 0 Vg 2 T 4 T S T
flicker 3 1 b_j 27In3 — 321n 2 27— In(16)]
M b_3f h_1f h_1 1/—3 QID(Q) h_1 3 h_1 5 h_1
1.3863 h_1 0.9352 h_4 1.691 h_4
random 4 5 b_4 272 1172 2672
walk FM b_4f h_Qf h_2 ]/—02 ?h_QT 20 h_2 T 35 h_Q T
6.5797 h_oT 5.4283 h_oT 7.3317 h_oT
1 1 1
linear frequency drift D, 5 D)Ql T2 7 D?/ T2 3 D>2, T

MVAR and PVAR formulae need 7>1/fy, where fi<1/27y is the cutoff frequency, and 7y is the sampling interval.
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The Measurement of Phase Noise
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Direct Digitization

Add cross-spectrum for lower noise

analog FPGA i FPGA or microprocessor{  output
i down filteri& combutin scale & i
i conversion decime}tion PUting compare
. ; SR—=}— =t ;
anti .:‘ E'; abs :
aliasing ; i amplitude
Sih-— ] €OS ' : (optional)
s =
: : + :
frequency: ' phase
control ! !
word (in) i @ i
@ freq}:JeIncyi i
control ! :
clock word (ref) i
NCO .
o | X atan
<3nP
anti - Q:Q abs ,
aliasing i : i amplitude
| i i (optional)

Figure from U. L. Rohde, E. Rubiola, J. C. Whithaker, Microwave and
Wireless Synthesizers, ISBN 978-1-119-66600-4, ©J.Wiley 2020
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Outline
« Range 0...0.5 GHz w/o down converter

» High ADC’s white and flicker noise,
bo =~ -160 dBrad?/Hz
b_1 = -110 dBrad?

 Arbitrary frequencies, fin # fref allowed
* Unwrapped phase

* Trace/plot time x(t) and time error Xx(t)
 Allan(-like) variance(s)

Commercial products
* Microsemi 3120A, 5120A (5125A —> ?)
« Jackson Labs PhaseStation 53100A

* Rohde Schwarz FSWP (8/26/40 GHz,
no time and AVAR capability)



Tracking DDS (TDDS) °

" N  DACs and DDSs have lower noise than ADCs
¥ | X * The mixer noise Is negligible
phase | time » DDS Control Word —> slow estimate of ¢

’
|
'
I
I
'
I
|
'
I
'
'
|
'
I
'
!
'
I
'

< » Combine Control Word w and the error 6
; g provides fast estimate of ¢
¥ - * Unwrapped phase gives x(t) vs the clock
- » Full access to 2-sample variances

» Originally intended for time-domain
measurements

ontrol + Single channel o, = 1.4 X 10714/7

----------------------- * Use two equal channels per input to reject
clock @ the TDDS noise (cross spectrum or two-
sample covariance)

©@ @ E.Rubiola, 2019

C. E. Calosso CE, Proc IFCS, 2013 No commercial instruments



PLL
VCO

< W
1]%] S
|F €T
REF A R D .
DUT > N
W 1 RF T
O
RF INA (&I
O IF Y L
REFB Pa >
= LO
El D
VCO

PLL

© (® E.Rubiola, 2019

From NIST, unable to find the original article

Commercial:
Anapico, BNC, Holzworth, Keysight, Noise XT,

The Traditional Scheme

Double Balanced Mixer
» Suitable to microwaves (40-60 GHz)
» | owest background noise

* White, bg =-170...—180 dBrad?/Hz

* Flicker, b-1 = =120 dBrad? (uwave)
b_1 =-130...-140 dBrad? (RF)

But

* Narrow phase range, +0.1 rad (+6°)
* No phase unwrapping

* Low ¢ —> v gain (0.1...0.5 V/rad)

* High sensitivity to 50-60 Hz B fields
because of low output voltage

e ...and other flaws

16
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Noise Rejectiosn

Law
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®

E. Rubiola, F. Vernotte, The cross-spectrum experimental ®
method, Feb 2010, arXiv:1003.0113 [physics.ins-det].

log-log scale




Example

Background PM Noise of the PhaseStation 53100A

Input and reference connected to the same oscillator

-90.0 T
:
-100Q.0 : -
- =15 dB/dec reference line
-110.0 :
~ I
-120.0
| 5 MHz
-130.0 1 I
N { 10|MHz
~140.0 |-
N
n% : 100 MHz
-150.0 t .
O I
° A
— |
160.0 —“IJ —
1 |
~170.0 :
I
I
-180.0 ' AN
©2019 Jackson [Labs Technologiq's, Inc. and Miles Design LLC
Edited by E.R., Aug 2019 | f
-190.0
0.01 Hz 0.1 Hz 1 Hz 10 Hz 100 Hz 1 RHz kHz 100 kHz 1 MHz
Trace Input Freq Input Amplitude dBc/Hz at 1 Hz Elapsed Instrument
100 MHz residual floor 100.0 MHz 11 dBm -121.1 58m 49s PhaseStation 53100A
10 MHz residual floor 10.0 MHz 12 dBm -138.2 33m 5s PhaseStation 53100A
5 MHz residual floor 5.0 MHz 12 dBm -148.2 8h PhaseStation 53100A

18
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Flaws of the Cross Spectrum

Dark-Port Temperature AM-to-DC Conversion

W sin(woet 4+ @q)
z = kz(Pec — $Pa)
0°  X=A+B 1 ) i
T2$ 8 ® Syx — Ek <T2 — T1> ----- -=-% rejected NO Way tO
W\ Gosteat + 20 ¥ comeEe divide the effect
o Systematic error - of AM from PM
OO k v, = Kk (Soc — (Pb)
Y Yy
-
v W ge
Y. Gruson & al, IEEE T UFFC 64(3) p.634-641, Mar 2017 AM(c)-=====""
£ W —_— Crosstalk s W oA Impedance
2 ' ignlll @ ' -
SEF A . has sign!l! === . mismatch
DUT M c S DUT " C N
C & C &
N 7 c .
2 5 5 x 55 Ermatic
© © :
3 = behavior
REF B REF B reported

%,M' Ch. B :E),,W Ch. B

A forthcoming paper by Y.Gruson, U.L.Rohde, A.Roth, A.Rus, E.Rubiola



Example of Odd Spectrum

~70
Phase noise PSD, dBc/Hz Pascall 100MHz
—80 level E OCXO
-90
-100

~110

' A
-120 B
-130

Microwave and Wireless Synthesizers, 2nd edition Wiley 2020

Figure from U. L. Rohde, E. Rubiola, J. C. Whithaker,

L (N 7
-150 N
-160 ’ D E

170 SRty x

1 N
—180 Spectrum © DDC Electronics Ltd, UK ‘ | kA \ | 'w%
_190 Editing/comments E.R., Aug 2019 / f, Hz
1 10 10° 10° 10 105 108 107

A forthcoming paper by Y.Gruson, U.L.Rohde, A.Roth, A.Rus, E.Rubiola



Type-A, Type B, and Null Uncertainty

(1) m=m, m Is the no of

BIPM GUM
- | aType 42x10°9  averaged spectra
* A-type (noise-like) uncertainty Comb. 4.6x10-2 9
- 10 B Type 2.0x10" (a") ~163
* B-type (system) uncertainty : @) m =10 m, ™
. : 5 _ A2 RO A Type 2.3x1079
Combined Uz = A%+B 2o S 165
o uRegularu case S - SO + U g 7 (3)m_102m —166
- 0 ~-167
. - - 1, 6 AType 7.4x1071° .
Zero uncertainty, appliestoS>0 © . 168
. X 5 Comb. 2.1x10 (3) m= 103 m, _169
When SO + U .hItS O’ _g 4' """""" T ATYPE T3RT07 j;?
the outcome is O O Comb. 2.4x107° [ 475
with zero-uncertainty of U o 3 1 | -azsf 174
a2 178
- I I ']; ~EE e
) ) —-190
Pushing the instruments to the limit
\_ J

takes deep understanding of the system and of metrology

21

Phase noise, dBcHz



PM Noise in Digital Circuits

22



Output Time Fluctuation

* Output can be synchronized to the clock

* Time fluctuation cannot be smaller than
* External clock signal
* Clock input stage
* Clock distribution
* Output stage

Internal

clock

distribution

VR

/0O buf

23



24

Phase Noise Sampling

évarianccia o2 : L{x*}1

A N || N | N Y ¢ N | N 00

equivalent sampling function
input sampling frequency 21y — noise bandwidth B = v

» Sampling occurs at the edges
* (in some cases, only at rising or falling edges)

» Square wave signals need analog bandwidth at least
3 Vmax ... 4 Vmax

* Aliasing is around the corner



Phase-Type (@-type) PM Noise

Aliasing strikes hard on white noise, yet little/not on flicker

Sgp(f) aliased -type /,ho
B
b Ssﬁ(f) — V()V2 Sn(f)
by A~ 1/vo
0
U 0
e e b 1] T
CSa(f) v
Se(f) = V2 i i E i ietc - f
rner | iVo h-1
co ‘=B e

Polynomial law S(f) =Y hi fi  [do not mistake with Sy(f)]

25



Time-Type (x-type) Fluctuation

Aliasing strikes hard on white noise, yet little/not on flicker

Sx(f)
4 aliased x-type
Clre o~/ Su(f) = 35 (<)
A< X Vo ~
S Ipe 0 1 v
x(f l
IS A, T
I R I |
AR ‘
EEEE /
f _*VO K_1
corner f, = 2y

Polynomial law Sx(f) = ) ki f

26
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Phase Noise in the Input Stage

Sinusoid of peak amplitude Vo

in C? D out results in phase-type noise
MWW\ I TUILILLRRL Sn(f)
Sg@(f) —

threshold noise phase noise V02
n(t) @(t)
constant vs 1
Threshold fluctuation mechanism

VUin
threshold
error () l .............. actual threshold n(t)
slope nominal threshold X(t) —
SR = dv/dt | (SR) (t)
.
— éarr‘gr x(t) =n(t)/SR 27TVO n(t)




Full Noise Mechanism

@-type noise x-type noise

comparator complex distribution

random delay

x(t) = 2; x:(t)

* The @-type noise noise may show up or not, depending
on input noise and SR

» At the comparator out, the edges attain full SR and
bandwidth of the technology

» Complex distribution —> independent fluctuations add up
X(t) = ixi(t) and <x2(t)>= i <x@(t)>

28



Phase noise PSD, dBrad?/Hz

Cyclone llI Clock Buffer

.
CYCIII, ck. buff., out vs In.
L """'I L """'l L """'I LA """'l L """'I LA T T T Ty

29

Fourier frequency, Hz

Flicker
* High vo —> scales as vo (x-type)

e Low vo, —> to ¢-type (bumps 0.1-10 Hz)

White

—060 ™ AL LA _85,b_:1,=d|3: "Cyclone Il i
' — 400MHz —90+ Flicker PM noise .
—70N - 200MHz |
100MHz 95
—380 50MHz |- ~100-
25MHz —105-
-90 12.5MHz | "o
~100}" 2?22‘3; )/ S/ sl freduency MHz|
- le) 31 62 125 25 50 100 200 400
—TI10F e AN NN SNl S ®® —125 ' : : . : '
. 0] by, dB Cyclone lll |
190 : S _130% White PM noise |
_— 2V -/ AR S® A [ R NG e e e e (D
: ' ~3
g ~1351 Sap,
—130 R | Xt
~140 e |
: : “'i —145+
_ E\Dati\2014|Enricol02_LogicsNois\01_Meas\01_C =07 FSchi0l 1003 INsupplyio2 Slowi 0 |l ] | frequency, MHz |
1505 1 0 T 2 3 4 5 6 —180
10 10 10 10 10 10 10 10 10 3.1 6.2 125 25 50 100

e Alilasing shows up at low vo



Phase noise PSD, dBrad? /Hz

Cyclone |lI Output Buffer

Double buffer Out VS Out

3. 125 MHz
6.25 MHz ||
12.5 MHz
25 MHz
50 MHz
100 MHz
200 MHz
400 MH

|
(00
-
|

|
-
-
-

|
-
N
-
|

M. e "l :

Mu 1 .m m

Y7100 100 102 10°
Fourier frequency Hz

|
=
S
-
|

|
-
o))
-
|




745140 - OIld TTL 50 Q) Driver

Phase noise PSD, dBrad?*/Hz

|
O
-

I
—
-
-

4
4
4
4
4

-
S

—140

—150

—160

C:\Data\02_LogicsNoise\01_Meas\02_Discretelogics\01_SN745140N\03_10dBm
- Al

"V'I L)

_SN7445140N. 10 dBm_

30MHz

15MHz
7.5MHz

A AAAl

3.75MHz

10

Fourier frequency, Hz

il A e A kel ek
0 1 2 3 4
10 10 10 10 10

aliased-@
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Additional Facts

Volume Law
Input Chatter
Internal PLL
Thermal Effects

32
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The Volume Law

Experiment » The 1/f coefficient b_1 is independent of
' power

* The flicker of a branch does not
Increase at P/2

* At the output,
» the carrier adds up coherently
* the phase noise adds up statistically

« With m branches, the 1/f PM noise is
reduced by 1/m

 \White noise cannot be reduced In this
way

Gedankenexperiment

» Flicker is of microscopic origin because it has Gaussian PDF
» Join the m branches into a compound
 1/f noise is proportional to 1/V, the volume of the active region



The Volume Law!

All devices used as +10 A divider at 100 MHz input
(30 MHz with Cyclone and Cyclone Il, and results are scaled up as x-type noise)
The A divider reduces aliasing (white), thus makes 1/f noise more visible

—95
E _100_ """"" Zyﬂq@ """""""" — """"""""""""""""""""""""""" -256
28 nm N\ 1

% — 105 N e -
_ \. Cyclonell
I —110F NN 90.-nm- , S
0 110 A\ @nm Max V Badd.etgperim. 266
e o \ . 180 nm conditions,
C s N L discarded | |
% —115 5 @ @Cyclone
= 8 Cyclone lll: % 130 nm
thz) _120‘%"""""'"'""""""""""65"r'1'r'r'1 """" S N Co6 9 dB/dee” —2 (0
e, 2 ?
O S 5
E —125—§ --------------------------------------------------- -
X = | \
O = 130FE BRI () Max 3000 -286
T g g 300 nm

10 10 Technology, nm 10

Flicker coefficient k-1 [dB s?]
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Input Chatter

"clean” signal Chatter occurs when the RMS Slew Rate of noise
exceeds the slew rate of the pure signal
chatter noisy signal P J
region _ _ _
Pure signal Wide band noise
detected B
croqsmg v(t) =V cos(2mypt) (SR?) = 4772/ F2Sv(f) df
0
threshold SR = 271y Vo
472

true = TO-VBQ (rms)
crossmg
Chatter threshold

ﬂﬂﬂmi . 18,8
VO —

3 V¢

With high-speed devices, chatter can Example
occur at rather high frequencies * Vo = 100 mV peak

10 nV/{JHz noise
« 650 MHz max — 2 GHz noise BW

« Chatter threshold v = 5.2 MHz



Input Chatter — Example

Good agreement with theory

Experiment

» Cyclone lll FPGA

» Estimated noise 10 nV/{/Hz
» Estimated BW 2 GHz

i v 5 J ‘

+— VO — 50 mV (1 OO mVpp)

vo=4.7 MHZz

<4 VO — 100 mV (200 mVpp)
Vo =4.7 MHz

(NI_V!

Asymmetry shows up

Explanation takes a detailed electrical
model, which we have not

36



Cyclone lll Internal PLL

PLL used as a buffer

CYCIII PLL n0|se vs ext. ck.

F:\2014\Enrico\02 LoglcsNoise\Ol Me \01 _CYCIINO3_ PLL\02 Fscan\02_InFreq : 1 m
1 1 1 1 1 1 1 1 1 1 1 1 1 121 II 1 1 1 1 11

N - - e e e - - e = 4 = = = e e e e e e omomomeom o= omlmomomomeomomeom o= omomom e o= —

—80g

B
N of
LT -90F
°  E
(O B
— =
MO —100F &
© =
5 ¢
S _110F
),
AL
e
(- _120 """"""""""""
)
%
< —130
al File: CYCIII- PLL Buffer .

E.Rubiola, C. Calosso Sept 2014
— 140 s
107" 10

10 10 10 104 10° 10°
Fourier frequency, Hz

37

File: CYCIII-PLL-Scheme

* LC oscillator, 0.6-1.3 GHz, Q=10
* Optional +2 always present

* We set D = 1 (for lowest noise)

* QUARTUS app chooses C and N

Crossover between phi-type

x-type -> analog noise in the phase detector gnd x-type at 20 MHz



Phase noise PSD, dBrad?/Hz

Cyclone lll Internal PLL

PLL used as a frequency multiplier

CYCINPLL, 10 MHz ext. ck.

—6

90

_100f

~110F — g _ IR El

—120 | File: CYCIII-PLL-Multiplier
E.Rubiola, C.Calosso, Sept 2014 :
F:\2014\Enrico\02_LogicsNoise\01 Meas\01 CYCII\O3_PLL\02. Fscan\01_OutFreq .

b_4 | A, — 10MF

~130
10

10°

100 102 10° 10 10°  10f

Fourier frequency, Hz

File: CYCIII-PLL-Scheme

10 MHz input, N x 10 MHz out

* 1/f phase noise is dominant

* Scales as N2 —> analog noise in
the phase detector

* ADEV 1.5x10-12 @ 1 s, fh = 500 Hz

-115 dB + 20 log1o(vo), Voin MHz

38



Thermal Effects

Cyclone 1] cIock buffer

60r——++ | |
S | o 1° 400 > 200 MHz.
5 N e N PSS S 5=
| enwronment drlft] ;
0 40 4—[t|me constant] |
o z ' : |
) effect of AP] 5
g 30F -/ . .......................... 10—15dr|ﬁ .............. 5 OO>1OOMHZ-
v & +HF) |
G 20 ‘ =15 drift
L g
o :
1€

12.5 > 6.2 MHzﬁ

{ g |I Cyclone [l-Thermal effect

e:
C. Ca| 0SSO, E. Rublola

C:\_Datil\IEN\ 2014f 0\02_LogicsNoi 1001 Meas\01 CYCIEIOI ClkBuffer\01 F$ NO01 1001 _HP- E4421

Time, s

0 500 1000 1500 2000 2500 3000 3500

39

Gate power C
P=CV:-v, -ll::

Av,, AU

25—>12.5
=

File: Cyclone-lll-Thermal-effect-log

In real applications, other parts of the same FPGA impact on the temperature



Frequency Synthesis

40



The Egan Model — Modern View

A . .
g o ( f ) for phase noise in frequency dividers
@-type X-type @-type

stage gearbox stage
. N A"A
< g s Wout = T Win v‘v

7_(ND)”

input signal

(N/D)?

actual output

noise-free synth output

>

For N/D <<1, the scaled-down noise hits the output-stage limit

W.F. Egan, Modeling phase noise in frequency dividers, TUFFC 37(4), July 1990
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Basic DDS Scheme

integer:  np = (ng_1 +N) mod D

complex: 2z = zr_1 exp(yn)
phase: 0 = (0_1 + 1) mod 27 state variable

quantity

assoc. complex

modulo D = 2™

increment N

time k., 0,1,2,...

clock freq. v output freq.

control

word N

The contents n of the m-bit register
Is interpreted as a complex number

D NIANYANYAY
v U U

time t = k /v,

ANvANWWS
VRVARVA




High-Frequency DDSs

AD9915 12 bit, 2.5 GHz
64 bit accumulator (135 pHz res)
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PM Noise vs Output Frequency

I
o
(>

AD9854 ck 180 MHz

~160

~ Balun and MAV-11 at the DDS output [ — '1' 40625MHZ
™ 30 dB/dec f f |
T _11 \thermal effect?| R TR R 2.8125 MRz |
% : : f : —— 5.625 MHz
] ' Q : :
© NGO ; —— 11.25 MHz
M : @ : :
S —1208 W N A o — 22.5 MHz 1
: ):g o) : .
E —+ ' 6 Ny N Z ' ' '
= I W, X3, DDS internal stages
— T N éé‘ ?; N2 L 1. ...\ S i
S —130} N2 N s
8_ i 7 %, \7\\ Q, '
N ] 7 YN 6 : ower suppl
i ‘YO <N\ <Y -
— T (o) AN Q LS
O —-140f-----:- 4%,9--- Ny N NP OR NI -
; 1 e’ \\\ ‘96"
O E v, 79
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Q
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DDS) output stage
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AD 9912

AD9912
_110 — | L L L I 1T T 11111 I 1T 111
= — RMS JITTER (100Hz TO 20MHz):
= “ 0_1=—94dB 150MHz: 308fs
S50MHz: 737fs
120 E
; b_1 = —1 035 dB
= bO =—-141.5 dB
_130 i_ T b_1 - ~ 105| |dl?|||
: = bo=—145 dB
= by = —153 dB
140 ‘
-150 i ~ 50MHz ‘
fifl
160 L1 {HZ) T
100 1k 10k 00k 1M 10M 100M

Figure 16. Absolute Phase Noise Using CMOS Driver at 3.3 V,
SYSCLK =1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed)
DDS Run at 200 MSPS for 10 MHz
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PM Noise

—150}F- 0N @ ........ -~ .

1 Focus on 1/A7f>9919|c 400 MHz
' | INRIM [ — 100 MHzZ
—110 B -0\, - NG A _ﬁ ..................................... — S0 Mhz
: | ’ — 25 MHz
;) \ — 12.5 MHz
% —120 > \ ........................... —  6.25 MHZ
e 3.125 MHz
S _130L S SUNNGS N N 1.5625 MHz |
L% :
0 z
% —140}F - - NS$ -
a.
a
[e
P
7
©
a

0: . WY |l!
_160 e ............... : a N e ceeeee ......... L. | U“ : ‘
E E S 3 ' N

gﬂrm

el

10°

; (1.56 MHz: —129 dB (1!1)]
10 10°

102 10°
Fourier Frequency (Hz)

10!

* At 50 MHz and 10/12.5 MHz we get =15 dB lower flicker than the

data-sheet spectrum

» Experimental conditions unclear in the data sheets



PHASE NOISE (dBc/Hz)

NOISE, L(f) (dBc/Hz)

L

PHAS

3.3 V: Lower PM Noise than 1.8 V

Probably related to the cell size and to the dynamic range

AD9911, AD9958, AD9959
~100 :
|| 1/2/4 outputs 32 bit accu, 10 bit dac
I f =1GHz, 3.3V cmos
110 [~ 75.1MHz _C
‘ b_, =-102.5dB
-120 P 1 f I
| b_y=-100.2 dB
7 b = —151 dB
-130 / A g
100.3MHz | bp=—154 dB
140 bo=-157 dB
bo=-161 dB
~150 5 ! - —
40.1MHz /=
160 | b_1 = _|1 087 dB/ g
b_y=-117 dB {15.1MHz —=
_170 | | I =
10 100 1k 10k 100k 1M 10M
FREQUENCY OFFSET (Hz)
AD9858
0 =
—10 || single output 32 bit accu, 10 bit dac
-20 f =1GHz, 3.3V cmos
C
-30
—40
-50
—60
—70
80 b_y=-116 dB
-90 fO =103 MHz
~100 —
110 b_y=-150 dB
~120
~130 [Ral
~140 2 : ‘
-150 _ j "rl A L
~160 = =
~170 | =
10 100 1K 10K 100K 1M 10M
FREQUENCY (Hz)

AD9852, AD9854
two outputs: 48 bit accu, 12 bit dac
_4q0 jLCOsHaux /1-Q f,=300MHz, 3.3V cmos
b
—_ \7<>\~'\
g -120 704 O/\
E T
= _130 b
w & A = 80MHz
2 \Q,{’e °|”T | | bp=—159 dB
= 140 O oS by= 149 dB [}
2
a —150 —
-160 ;
AOUT = 5MHz ;
170 |1 E
10 100 1k 10k 100k 1M
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AD9912
T E I I I RS JITTER {1008z TO 20Miizy
b_y =—94 dB 150MHz: 308fs |
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[T T T b=-141.5dB |
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e[V e
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I
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32, - \\ e
5 ~'$"‘- m ™ <
- 150 -
- TR TN H 50MHz ‘
1 ~~§#..:: U &
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_160 L1{H2Z), \ TRl
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Figure 16. Absolute Phase Noise Using CMOS Driver at 3.3 V,
SYSCLK =1 GHz Wenzel Oscillator (SYSCLK PLL Bypassed)
DDS Run at 200 MSPS for 10 MHz

E. Rubiola, Mar 2007 (adapted from the Analog Devices data sheets)

Plots originally used to extract the noise parameters

L(f) (dBc/Hz)

L(f) (dBc/Hz)

AD9956

0 :
-10 “ single output

48 bii accu, 14'bit dac

=20

fc=400MHz, 1.8V cmos

=30

~40

-50

b_1 = —1 01 dB

b0= —152 dB
bo= —159 dB

| b_,=—-113dB

I~

B 7 =
—— OMHZ\

23

7 e
0=10 MRz

0 100 1k 10k 100k
FREQUENCY (Hz)

AD9951, AD9952, AD9953, AD9954

single output,
diff. aux functions

32 bit accu, 14 bit dac

fc=400MHz, 1.8V cmos

f =9.5MHz

0

clock multiplier enabled "

=100
-110
-120 |
-130

-140

-150

-160

=170

10 100 1k 10k 100k 1M

f (Hz)
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State-Variable Truncation

° ° .
,-;\
o 2" visible L N
. states Vo — —< Vg
. D
:&Qm — 2P

hidden states

control word ! total D = 2™ states
» Only quantization shows up with full |
. . iteh 2T ado
m-bit conversion .Plf P
* Technology —> g max N

','\?'iosible pij;'éh
. Why p g q . 2—7T rad error
. 2p v
» Slow pseudorandom beat, . \ a0 rad |
3doh11m 15s @ 1 GHz, 48 bit /.

1
® o o e o O 7

Spurs: Torosyan A, Wilson AN jr, Proc 2005 IFCS p.50-58
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Phase Noise of [l and A Dividers

Multibuffer 'l divider
Aliasing Is present

N\ divider

High-f sampling removes aliasing

shlft register

49
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—100,

i

A and 1 d|v1ders

— 10 MHz II div.

|
p—
W
-

~140|

150}

..........................................................

—160

Phase noise PSD, dBrad? /Hz

—-170

—180

— 10 MHz A div.

““ﬁﬂlﬂﬂﬂﬂllﬂwﬂl

Q]! by SPNes"aB

e e A M b e

10°
Fourier frequency, Hz

-1 0 1
10 10

waaal N
4
10

10°



ADCs
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Quantization & Sinusoidal Signals

Signal power

2
Py — Vop _ a*Vissr
3 8

Noise power

a=1

— Visn SNR = 0 92M
12 2 |
. . Parseval theorem, B = fs/2
Assume that the noise power is equally -2 V2
distributed between 0 and B = /2 S, = = - S, = 6LSB
This is not true when signal and clock are —fs
highly coherent (Widrow-Kollar, Appendix G) Phase noise, Sy = bo (white)
Widrow B, Kollar | - Quantization Noise - Cambridge 2008 S. = by (7_2 by = VLQSB 4
v B’ Viar 302 fs

6.02 M + 1.25 =10 Log1o(fs) =10 Log1o(a) dB

1 4

Sampling jitter breaks AM/PM symmetry by = (2M)2 342,

o1



Phase Noise

Clock jitter not included

1 4

by =

(2M)2 3a? f,

6 dB reduction costs either
* One additional bit
* Factor of 4 higher fs

100 1E4

Best results are obtained with the fastest 16 bit converters
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Selected ADCs

ADC tvpe AD9467 / Single L.TC2145 / Dual LTC2158 / Dual
yP Alazartech board) Red Pitaya board Eval board
Platform Computer Zyng (onboard) Zynq (separated)
Sampling f 250 MHz 125 MHz 310 MHz
Input BW 900 MRz /50 MHz 1250 MHz
Bits / ENoB 16 /12 14 /12 14 /12
Expected noise (2 Visr) | —158 dBV2/Hz ~155 dBV2/Hz ~159 dBV2/Hz
. 07 & 100 fs diff
Delay & Jitter 1.2 ns & 60 fs 07 & 80 fs single 1ns & 150 fs
Bower suppl 1.8V&33V 1.8V 1.8V
PR 1.33 W 190 mW 725 mW

Dissipation is relevant to thermal stability

For reference, 100 fs jitter is equivalent to

carrier f @ rms S¢(f) = bo 10 Log1o[L(f)]
10 MHz 6.3 yrad 4x10-18 rad2/Hz -177 dBc/Hz
100 MHz 63 prad 4x10-17 rad?/Hz -167 dBc/Hz
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LT 2158 Noise

-40 e R L B A I AL N AR

Sv( ), dBV2/Hz "temp_g2pl6_OK/dif ab.dat"
-60 "temp_ 2stages/dif ab.dat"

bl "temp 3stages/dif ab.dat"
-80 - T i

B mi AN O / =
) B \/\r A m @
120 I mlﬁm,wh
-140 | ' T
L 8 dBV2/Hz

~ 1-dB\added
-180 -
-200 -
-220 -
rf

_240 RN IR AT] I S AN R AN N TN I N 1 TN NIV N 1 AN T SN ) N S A AN 1 AN N O W W A 01 B A B M AT1 L ||||m|b

0.001 0.01 0.1 1 10 100 1000 100001000001e+061le+07 1e+08

10 MHZ, Vpp ~ 0_95 VFSR
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L.T2145 (Red Pitaya) Noise

-40

-60

e

-100 -

-120

-140

-160

-180

-200

-220

-240

0.

VIR E ) BRI e e rrrre vt rreut ot
Sv(f), dBV2/Hz "temp redp 0 diff/dif ab.dat"
LT 2145 "temp_redp 1 diff/dif ab.dat"
‘ "temp redp 2 diff/dif ab.dat"
7
¢ 1G>
2 @
‘ WW F‘
_ G |
B MN | ‘U h J
[T l l )
—153 dBV?/Hiz|
- =2\dB added
V
IO AR ) Y TN N 1 W S T 11 NS U A T T AN N N8 1 A T U 8 1 Y T M 1 1 A T A A Y W 0 A B O R MM BT
01 0.1 1 10 100 1000 10000 100000 1le+06 1le+07 1le+08

10 MHz, Vyp = 0.95 VEsr



AD9467 (Alazartech) Noise

90 ¢

T T T

E "dif cha chb avgl00.dat"

-100 £ "dif chc chd avgl00.dat"
~7E

]0 f(x)
-110 % d&l/g
-120 — /He
- @ 7H
I

1130 -

[ . »
— el
-140 E .

-150 £ T
180 e e

| :
BVWH
dde_E

UUCL
0

1170

1180 ©
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10 MHZ, Vpp ~ 095 VFSR



Time-To-Digital Conversion

Count clock cycles (trivial)
Measure the fraction of clock cycle (next)

of



gate

vernier
clock

A
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: The Frequency Vernier
oy
?-:
8 IHULUL ||Il|lll|lllllll|lll|l|l|I|l l|l|l|:l|1?8|.ln|1|l|| JUUBUBULBULBULBUBUENEEE
= 2 13 4 52 6 738 o 10 11 12 %3 14 15%" \
O _unlnnhmlnnh IIIIIIIINHTIFIIIIIIH 1 n|I|mlnnlnulmlllmlnulmmm e boeebpenboeefereeeneeboeeteebeeee e teeetee ool 0
; / ~ . . -
3 Pierre Vernier, French mathematician
= Ornans (Besancon), 1580-1637
o
t
) (Note that N, — ] vy .  Example (HP5370A)

N’T’

early .
] |
et >

late

Sy - T fc =200 MHz (5 ns)

l
r

T.=1/

T, + N,T, = N'T"

>

— N, T’

(0—1) = coincidence

n =256
1/257 X 5 ns = 20 ps



The Ramp Interpolator

Example (Stanford SR620)
Va fc=90 MHZ(TC:111 ﬂS)

11 bits

Tc/211=54 PS

-----------------------------------------

i Actual timing ;
5 %T— """" 5
| >

iclocki |:| I:l ['i

> e 1o
| |

- = . This costs 1 bit
: :* o - t»é ADC resolution

¢ E (smooth start | E lOosS
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Thermometer-Code Interpolator

Q Q1 Q2 @ @ @ Qs Q7 Also called Multi-tapped delay-line
g interpolator

main i +. FPGA implementation
e VC _______ » Needs full layout control

* The pipeline may not fit in a cell

Great for ASIC implementation

Vernier (enhanced resolution) version
* Delay is on both lines is inevitable

* Just exploit it

eeq — eck — ein
d 00000111 11100000 Review article:
ir:/\c/i(i)gates delay 56 ir\l/:/j(i)gates delay 360 J. KaIiSZ, I\/IetrOIOgia 41 (2004) 17-32



Some Examples

Carmel NK732 3 ps PCI/PXI time stamp

Guide Tech GT667/668 1 ps PCI/PXI time stamp

Keysight 53230A 20 ps Lab instrument Frequency vernier

Lange Electronic | KL-3360 50 ps [1/ A\, special purpose |Ramp

Lumat PCI card Thermometer code
Stanford SR620 25 ps Lab instrument Ramp

Serenum TDC 6 ps rms PCB module FPGA Thermometer code
AMS Group TDC GPX 22 ps Chip

MAXIM MAX35101 8 ps Chip

SPAD Lab TDC Module Packaged module

Texas THS788 8 ps Chip Thermometer code




...And Something More
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Oscillator Instability Measurement Platform™

Microwave photonic oscillators Digital Electronics & Metrology
Three-cornered hat noise measurements
* Si Monocrystal FP, Bragg @ﬁem
- ¢
MIrrors SUT 31
* 17 K natural turning point (), A Tl counters detector ¢p,,
» Projected stability 3E-17 are commercial | .
° Flrst teStS ) BIPM CMC prOd UCtS detector detector
 COFRAC, top level P
Also « 2 FS combs Ref.2
* Compact FP cavity, A3 size breadboard » 10 mK dilution cryo — exact 1/f slope ? ]chstZr?;ing )
© Prop-Integr Temp & N o GamTeMOT o sodBganm | o
ngostat sat hygro contr. rooms 5 S - -
® REFIMEVE'I' IN prOgreSS ° ULISS traveler g 40 | 75decades 4 %d 90
- White Rabbit o . a
accurately . . . . D 2l
* Frequency distribution on fibers T T T e gl -110
. U S
- v =
Jl@- _ — Tlme SyStem O _80 ) .gﬁ ~130
masers 1 ns accurac . . . =
3(H330|ocks 200 ps repea}’:ability 3rd Tlme Slte In France % _ 8
£ —100|Brlmtrstiemen bt s e gt -150
* 3 Hmasers & 3 CS o o S PV A S T B SRR
S,(1Hz) = -58.30 dBrad“/Hz: ; ; f g g
« TWSTFT 1 | e Facngpos vong e ; S ? - ~170

10° 10% 10° 107 10t 10° 10! 10% 10° 10* 10° 10°

* Common view GPS Fourier frequency, Hz



Liquid-He Sapphire Oscillator

Cr3+ Fe3+ doped
AloO3 mono crystal

$=~5cm,H=3cm

Whispering Gallery
H mode

10 GHz resonance HY
Q=2x10%9at5-7 K F 7

Pound Galani Oscnlator

............

| out

W

..................

power
detector

)

V ~ V-V,

 Pound frequency lock to the cavity
e The same cavity is used in the VCO

Overlapped ADEV

Paramagnetic
temperature

WG.H16 0.0 mode at 11.565 GHz
L Af, Hz | |

20
compensation ol o
40§ / . terpperature,. K
R (A 7
oo A

10-13
F Y P

14|
10 77}

|e-e B
 |e—e C
| % % C(neg) [
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|
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!
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- Crash course on T&F for newcomers i\@ O
» Oscillators, measurement, atomic KL q?’

standards, time scales, and general topics S}Q

. EFTS Participants

* Broad target audience: PhD/PostDoc T cotoary T—Acadelic

Students, Academics, Private Company Engineers . |
» Balance between academic and applied issues 0 [T _/\
* Instructors from leading European institution —_
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